Two-photon absorption (2PA), a phenomenon predicted nearly a century ago,^[@ref1]^ has a huge potential in several fields, e.g., in microfabrication, photodynamic therapy, three-dimensional data storage, and bioimaging.^[@ref2]−[@ref5]^ The interest of 2PA is also illustrated by the rapid development of two-photon microscopy. For that purposes two-photon probes should fulfill several requirements: (i) have large two-photon action cross section (TPACS), which is the product of two-photon absorption cross section (σ^2PA^) and fluorescence quantum yield (Φ), exceeding 50 GM;^[@ref6]^ (ii) bind selectively to a target; and (iii) be photostable. Moreover, as the two-photon excited fluorescence applied in bioimaging^[@ref7]^ typically operates in the 650--1100 nm optical window,^[@ref8],[@ref9]^ it is necessary to set the one-photon absorption within the 330--550 nm domain. The common strategy to maximize the Φ × σ^2PA^ product is to enhance σ^2PA^ typically through an optimal choice of electron-donating and electron-accepting moieties or an extension of the π-conjugated linker in a push--pull compounds aiming to increase the charge transfer (CT). In the present Letter, we aim at maximizing Φ × σ^2PA^, while preserving the topology of a probe, through fine-tuning of the fluorescence quantum yield in a series of compounds presenting a difluoroborate (BF~2~) group. In fact, we do change only one atom at a time in these dyes. Our interest in this class of compounds stems from their excellent photophysical properties.^[@ref10]−[@ref14]^ In general, fluoroborates exhibit an intense and sharp emission with high quantum yields, nanosecond lifetimes, and narrow absorption bands in the visible spectral region characterized by high extinction coefficients.^[@ref10]−[@ref12],[@ref15]^ In addition, they show a good stability in biological environments---a feature that places them in a privileged spot as compared to many other molecular probe candidates. Moreover, the successful functionalization of BF-carrying compounds to optimize their photochemical properties has been regularly achieved, through substitution, extension of the conjugated path with either double or triple carbon--carbon bonds, planarization, benzoannulation, substitution of the fluorine atoms, replacement of an atom binding Lewis acid, etc.^[@ref16],[@ref17]^ Recently, Yamaji et al. demonstrated that the fluorescence quantum yield in two diazine-based difluoroborates significantly differ from that of the corresponding pyridine derivative,^[@ref18],[@ref19]^ and we decided to adopt a similar strategy in our research to enhance fluorescence quantum yield, thus maximizing TPACS.

In order to assess the effect of the heteroatom position in diazine-carrying donor--acceptor dyes on the TPACS values, we focus in this Letter on the compounds shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, which also indicates atom numbering, the synthetic path, and the *trans* and *cis* forms. Previously, we have shown that BF~2~-carrying molecules based on amides exhibit significant two-photon absorption^[@ref20],[@ref21]^ and that the most effective were molecules with strong CT character. We stress that only one (or zero as in **1**) colored nitrogen atom is present in a given molecule, so the changes are indeed minimal from one dye to another. While the elongated π-conjugation path between the electron-donating and electron-accepting moieties is beneficial for maximizing two-photon absorption cross section, the presence of an alkenyl moiety may lead to *trans*--*cis* photoisomerization.^[@ref22]−[@ref28]^ Although the photoisomerization might be desired in photochromic applications, it competes with fluorescence and is thus detrimental for our purposes. That is why this reaction should be controlled, which can be done to some extent, through the introduction of adequate substituents.^[@ref29],[@ref30]^ In one of our previous works, we have shown that the geometry of the electron-donating group determines its donating character and the photoisomerization rate constant,^[@ref29]^ yet it remains unknown (i) if the photoisomerization is dependent on such subtle structural changes as the ones studied herein and (ii) if changing the position of one nitrogen atom only allows the tuning of the fluorescence quantum yields. For the former aspect, let us mention that the photoisomerization of the double N=N bond in phenylazadiazines might indeed be influenced by the position of the nitrogen atom.^[@ref31]^ Nevertheless, we note that the heterocyclic part of the present dyes is well separated from the carbon--carbon double bond and no steric impact on the photoisomerization can be expected. To our knowledge, there is only one previous publication addressing the influence of the nitrogen atom position in isoelectronic BF~2~ derivatives on properties of dyes.^[@ref32]^ However, that contribution considered three (out of five) nitrogen positions and, more importantly, those molecules were not photoisomerizable.

![Structures of Studied Compounds in Their *Trans* and *Cis* Conformations](jz0c01438_0004){#sch1}

The aim of the current Letter is to introduce a new strategy for maximizing the TPACS values solely by changing heteroatom position in heterocyclic ring. To achieve this goal, we (i) study the charge-transfer properties of difluoroborates carrying pyridine and four diazine rings as electron acceptor, (ii) correlate the nitrogen position with two-photon absorption cross sections and fluorescence quantum yields, and (iii) analyze the impact of the putative photoisomerization of the C=C moiety on the photophysical responses.

The synthesis ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) of the dyes was performed by reaction of the amino-substituted heterocycle with NaH and next with (*N*,*N*-dimethylamino)cinnamic ester, obtained as described elsewhere,^[@ref33]^ in THF solution and, after amide purification (recrystallization from ethanol), the BF~3~ etherate was used as described earlier^[@ref34]^ to obtain **1**--**5**. Note that the spectroscopic properties of **1** have been reported by some of us previously.^[@ref20],[@ref34]^ In order to characterize the CT properties of these dyes, the absorption and fluorescence spectra were recorded in a number of solvents of various polarities (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) in the Supporting Information file). The extinction coefficients of **1**--**5** are ca. 2 times higher than that of the parent ethyl 4-(*N*,*N*-dimethylamino)cinnamate.^[@ref35]^ The position of the additional nitrogen in the heterocyclic ring clearly influences the spectroscopic properties; while the fluorescence quantum yield is increasing with the decreasing solvent polarity in **2**--**5**, the behavior differs significantly in **1** (see [Figure S70](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf)). Indeed, for that dye, the highest Φ is recorded in THF (0.312) and this value is higher than the Φ in any solvent of **2**, **3**, and **5** (the highest Φ in the whole series is observed for **4** in ethers and chloroform). To shed more light onto the possible source of differences in fluorescence quantum yields, we performed the calculations of the two lowest singlet- and triplet-state energies (see [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) in the Supporting Information file). It turns out that the T~1~ state of **2**--**5** is always below the S~1~ roughly by 0.5 eV, whereas the T~2~ state is higher than S~1~. Hence, judging solely by these energy levels, S~1~ → T~1~ intersystem crossing might be a plausible scenario. Consequently, we performed spectroscopic measurements for compounds **2**--**5** in glassy matrix of 2-methyltetrahydrofuran (MeTHF). It follows from [Figure S71](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) in the Supporting Information, which presents normalized fluorescence and phosphorescence spectra at 77 K, that compounds **2** and **4** show much larger fluorescence intensity than **3** and **5** in MeTHF, in line with the measurements in CHCl~3~ solutions (see [Figure S70](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Conversely, much larger phosphorescence intensity are observed for compounds **3** and **5**, hinting that that intersystem crossing is a plausible mechanism behind low FQYs for these two compounds. Moreover, we performed excited-state geometry optimizations of **2**, **3**, and **4** in chloroform solution, taking into account four explicit solvent molecules. The results of the analysis is presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) and it shows that **3** has significantly more distorted geometry in the S~1~ excited state, in comparison to **2** and **4** (see [Figures S86--S87](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf)). The measured Stokes shift clearly hints at a significant CT, the largest Stokes shifts being obtained in ACN (**1**, **3**, and **4**), acetone (**2**), and THF (**5**). Such CT should lead to a quinoid-like geometry in the excited state ([Figure S85](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) in the Supporting Information) changing the character of the central carbon--carbon bond (double bond in the ground state) and also influencing the barrier to rotation around that bond. To shed a complementary light onto the experimental data, we have determined the electron density differences corresponding to the absorption of a photon. A representation for **1**--**5** is displayed in [Figure S84](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf). Obviously, there is a CT taking place from amino group to the core of the fluoroborate dye that respectively act as donor and acceptor groups. According to Le Bahers model,^[@ref36]^ this CT corresponds to a transfer of 0.67 (0.75) electron over 4.1 (3.6) Å for the *trans* (*cis*) isomer, which indicate a large CT. Similar parameters are obtained for all dyes, there is just a small enhancement of the CT in **2**--**5** as compared to **1** due to the stronger accepting properties of the diazine.

###### Fluorescence Quantum Yields (Φ), Two-Photon Absorption Cross Sections (σ^2PA^) and TPACS Values for All Studied Compounds in Chloroform Solution[a](#tbl1-fn1){ref-type="table-fn"}

  compound   Φ      σ^2PA^ (GM)   TPACS (GM)
  ---------- ------ ------------- ------------
  **2**      0.20   404           81
  **3**      0.02   380           8
  **4**      0.46   367           169
  **5**      0.02   280           6

Experimental two-photon absorption cross section values correspond to band maxima at 925 nm.

[Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) and [Figures S21--S69](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) in the Supporting Information collects the data related to time-resolved fluorescence measurements. For most of the compound/solvent pairs, a double exponential fluorescence decay is observed. Several origins can explain the presence of two fluorescent species in solution. For instance, in many CT molecules two forms, differing by the geometry of the donor moiety (twisted/planar intramolecular charge transfer (TICT/PICT) mechanisms),^[@ref37]^ might be present. However, this aspect is not the focus of the present Letter, and it is not discussed in the following. The key observation for our purposes is that the spectral data indicate that the brightest compound in the series is **4**. Indeed, its attenuation coefficient multiplied by fluorescence quantum yield reaches ca. 26000 in dioxane and chloroform, 20000--21000 in ethyl acetate and THF, while the next brightest dye, **1**, displays notably smaller responses, e.g., 15500 in ethyl acetate and 14300 in THF.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the initial and final normalized spectra for **1**--**5** in acetonitrile solution when irradiated by a laser (24500 s, 50 mW, 457 nm). The full set of spectra can be found in [Figures S72--S76](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf). It is evident that only the spectrum of compound **1** changes upon irradiation looking at the intensity changes at 431 and 337 nm. Such change can originate either in the photoisomerization of the central double bond, or in the decomposition of **1** into another species. In contrast, the lack of changes in the spectra of **2**--**5** derivatives could be explained by either (i) photoisomerization does not take place or (ii) photoisomerization takes place but the *cis* isomer has a very similar absorption maximum (and attenuation coefficient) as its *trans* counterpart. However, taking into account the differences between initial and irradiated responses for **1**, (ii) is not probable, a fact also confirmed by simulations of one- and two-photon absorption spectra (see the Supporting Information, [Figures S88--S91](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf)). Moreover, the absorption of the irradiated solution increased (by ca. 2%) in the 400--440 nm region and decreased in the 320--360 nm domain after storing the solution in a closed cuvete at room temperature overnight. Therefore, the absorption studies of the irradiated solutions indicate that neither the photoisomerization nor decomposition takes place for **2**--**5**, in contrast to **1**, which undergoes photoswitching. We note that the photoisomerization of **1** is not effective compared to cationic dyes having a similar skeleton, that reached the photostationary state in 500 s of irradiation,^[@ref38]^ whereas 24500 s were needed for **1** to almost complete the isomerization.

![Normalized absorption spectra of compounds in acetonitrile solution (solid lines, initial step) and spectra recorded after irradiation (dashed lines, after ca. 7 h of irradiation).](jz0c01438_0001){#fig1}

To assess the potential for bioimaging applications, we have studied the two-photon absorption spectra of compounds that do not exhibit detrimental photoisomerization (**2**--**5**). To that end we employed both experimental and theoretical approaches (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) for details). The experimental two-photon absorption spectra measured in a wide spectral range using the Z-scan technique is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The two-photon spectra of all compounds share several common features with (i) a band with maximum at ca. 925 nm (corresponding to the S~0~ → S~1~ excitation, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), (ii) a peak of two-photon absorption cross section in the 280--404 GM range, and (iii) even higher two-photon transition responses for higher-lying states (in the 600--700 nm range). Therefore, the modification of the position of the nitrogen atom has apparently a trifling impact on the two-photon absorption intensity corresponding to the long-wavelength π → π\* transition. Obviously, the two-photon excitations of **2**--**5** correspond to excitation of the more stable *trans* conformer, whereas in **1** there could be (undesired) contributions from *cis* forms, as the two-photon excitation might induce *trans*--*cis* photoisomerization.^[@ref39]^ In order to shed light on this interesting aspect, i.e., how different might be the two-photon responses of the two isomers of **1**--**5**, we performed state-of-the-art electronic structure calculations using a QM/MM approach. More precisely, for *trans* and *cis* conformers of compounds **1**--**5**, we performed second-order coupled-cluster (CC2) calculations using electrostatic embedding approach to represent discrete solvent environment. The results of statistical analysis are shown in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf). First, one notes that the experimental ordering of the maxima \[λ~max~ (**1**) \< λ~max~ (**2**) ≈ λ~max~ (**5**) \< λ~max~ (**4**) ≈ λ~max~ (**3**)\] is nicely reproduced by these calculations. A blue shift of the theoretical excitation wavelengths with respect to experimental data is likely due to the lack of vibronic couplings in the calculations and the good but not perfect accuracy of the employed electronic-structure method (CC2). Second, for all compounds the new band corresponding to the S~0~ → S~1~ transition for *cis* isomers is red-shifted as compared to the S~0~ → S~1~ band for *trans* isomers, which is in agreement with available experimental data for **1**. The simulated two-photon absorption spectra for all compounds (*trans* and *cis* forms) are shown in [Figures S90 and S91](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf). Two key observations can be drawn from their analysis: (i) all *trans* isomers exhibit similar values of two-photon S~0~ → S~1~ transition strengths, which is in excellent agreement with experimental data; (ii) the *cis* isomers show slightly lower values of two-photon S~0~ → S~1~ transition strengths in comparison to their *trans* counterparts. Based on the analysis presented above, we can now analyze the TPACS values presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. As it is seen, TPACS vary to a large extent from 6 (compound **5**) up to 169 GM (compound **4**). As already discussed, the two-photon absorption cross section values remain in the 280--404 GM range, so the huge changes in TPACS values can be largely attributed to differences in fluorescence quantum yields.

![Experimental two-photon absorption spectra of studied compounds.](jz0c01438_0002){#fig2}

In order to analyze the two-photon activity, we have employed the generalized few-state model (GFSM)^[@ref40]^ recently developed for electronic structure theories with a nonhermitian structure.^[@ref41]^ GFSM allows to interpret the two-photon transition strengths in terms of electronic structure parameters:where

In [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, the superscripts distinguish between the right (*L*0) and the left (0*L*) moments and . The θ~*PQ*~^*RS*^ terms represents the angle between the transition dipole moment vectors μ^*PQ*^ and μ^*RS*^. Although the summations in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} for *K* and *L* run over all the electronic states, any number of intermediate states *K* and *L* can be chosen to obtain an approximated value. Here we use both two- and three-state models (3SM, *S*~2~ taken as intermediate state), in which *K* and *L* can be either the ground state 0, the final excited state *J* (two-state model), or an intermediate state (three-state-model). The comparison of the two models is shown in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) and allows us to conclude that the two-state model is adequate to analyze two-photon transition strengths, as it accurately restores the ordering of the two-photon transition strengths in the studied series of compounds. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} presents the individual terms contributing to average two-photon transition strength, showing that the property in question (being proportional to the experimentally measured two-photon absorption cross sections) undergoes much smaller variations than individual terms related to electronic structure parameters. In other words, the moderate changes in two-photon absorption cross sections across the series **2**--**5** are due to cancellations of competing terms. The largest variations are observed in the δ~0111~ term, which encompasses the product of the square of S~0~ → S~1~ transition moment, \|μ^01^\|^2^ and the square of the dipole moment in the S~1~ electronic excited state, \|μ^11^\|^2^. The variations of the δ~0111~ term correlate well with the changes in the excited-state dipole moment when going from **2** to **5** (see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf)). We note that both the experimental (Lippert--Mataga correlations, see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf) and [Figures S77--S81](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf)) and theoretical ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf)) data show large dipole moment changes upon excitation (exceeding 10 D), which is heteroatom-placement specific.

![Decomposition of the two-photon transition strength based on the generalized two-state model. All calculations were performed at the CC2 level for molecules in CHCl~3~ solution. Note that the term corresponding to *K* = 1, *L* = 0 has an equal value as that labeled by *K* = 0, *L* = 1 and is not shown for the sake of clarity.](jz0c01438_0003){#fig3}

In short, we have shown in this Letter that one can maximize the TPACS value, the figure of merit for bioimaging applications, by keeping the two-photon absorption cross-section (almost) constant but effectively controlling the emission quantum yield. Such optimization does not necessarily require using longer linkers nor choosing stronger donor/acceptor groups, since changing the position of a single heteroatom might be sufficient. We note that three of the molecules discussed here have TPACS values larger than 50 GM and are thus good candidates for bioimaging applications,^[@ref6]^ illustrating the potential of this new approach.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01438](https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01438?goto=supporting-info).Description of synthetic procedure, characterization of compunds, NMR spectra, absorption and fluorescence measurements, tables of spectral properties, time-resolved fluorescence spectra, fluorescence quantum yields, phosphorescence and fluorescence spectra, Stokes shift vs *f*(ε,*n*) and vs Δ*f*~LM~, Z-scan setup and experiment and Z-scan traces, results of QM/MM calculations, electron density difference maps, charge transfer scheme, excited-state geometries, electronic one- and two-photon absorption spectra, and tables of excitation energies, excitation wavelengths, and transition strengths ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01438/suppl_file/jz0c01438_si_001.pdf))
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